Single-and Coupled-Enzyme Nylon-Tube Reactors for Plasma Glucose Determination with Glucose Oxidase and Aldehyde Dehydrogenase W. Hinsch, A. Antonijevi#{244}, and P. V. Sundaram We describe routine methods for determining glucose in plasma with use of aldehyde dehydrogenase or glucose oxidase-aldehyde dehydrogenase immobilized in a nylon tube that is integrated into a continuous-flow system. Although the coupled-enzyme nylon-tube reactors require the presence of a third enzyme, catalase, in solution, the kinetics are not so complicated as to preclude reliable routine determination ofglucose atvery low cost. 
Materials and Methods

Apparatus
For routine application of the reactors in the continuous- 
Preparation of the Nylon-Tube Reactors
The reactors used in this study were made by the general method of Sundaram and Apps (8) , by cross-linking the enzyme to a nylon-polyethyleneimine copolymer.
For the aldehyde dehydrogenase reactor, the glutaraldehyde-treated copolymer tube is filled with a 1 g/L solution of ALDH that has previously been dialyzed against potassium phosphate buffer (0.1 mol/L, pH 8.0) containing 1 mmol each of EDTA and mercaptoethanol per liter. For the coupled GOD-ALDH reactor we used a solution containing a mixture of 1 mg of GOD and 1 mg of ALDH per milliliter, prepared in the same buffer as mentioned above.
Both tubes filled with the enzyme solution are left overnight and are then washed thoroughly with 50 mL of 0.1 mol/L KC1, containing 1 mmol each of EDTA and mercaptoethanol per liter, followed by 30 mL of the pH 8.0 buffer mixture described above. When not in use, the reactors were stored at 4 #{176}C, filled with the same buffer mixture. b Value reported by Black (10) .
Routine Glucose Determination
Assay of GOD-ALDH in solution: reactions were carried out in a 3-mL cuvette, measurements being recorded at 334 nm. The reaction mixture contained in a total volume of 3 mL of potassium phosphate buffer ( 
Results and Discussion
Aldehyde Dehydrogenase Reactor
Stable reactors with a mean activity of 0.13 U/m were produced by coupling ALDH to a nylon-polyethyleneimine copolymer tube. Similar to the reaction in solution (10) , the immobilized enzyme is inhibited by high acetaldehyde concentrations.
Km app. values for NAD+ and acetaldehyde are 1.8 mmol/L and 1.0 mmol/L, respectively, the affinity towards both substrates being decreased considerably on immobilization (Table lb) 1 (10) . Table 1 , a and b, presents information on how the reactors are made and their kinetic properties.
They are prepared with various ratios of GOD and ALDH while keeping the total amount of enzyme protein constant at around 2 mg/m. The activity of GOD remains constant at about 80 mU/m in all the 1 Boehringer Mannheim GmbH, product information.
reactors, whereas the ALDH activity begins to become constant at a little more than 100 mU/m with a fivefold increase of ALDH used in coupling. However, the overall activity (i.e., glucose turnover as measured with NAD+) still appears to increase linearly. Because this overall activity is less than the ALDH activity, it is conceivable that at some higher concentrations of ALDH used during coupling the former will also asymptotically approach a maximum, assuming that the GOD activity remains constant.
In optimizing the activity of a coupled or multienzyme system the objective is for the activity of the last enzyme in the series to be in excess, so that intermediates do not accumulate. With an immobilized system this can be achieved only GOD and ALDH, when taken in solution in the same ac- Fig. 3 . Flow rate dependence of the activity of ALDH reactor (0, #{149}) and GOD-ALDH reactor (0, #{149}), expressed as mU/mL (0, 0) and mU/m tube length (#{149}, )
Test conditions as described in Figure 2 . (Table ib) . Immobilized ALDH has a broad pH optimum ( Figure 2 ) beyond pH 8.0, resembling that for the reaction in solution.'
Overall activity for the GOD-ALDH reactor is maximum at pH 8, above which it declines, probably being influenced by the activity of GOD at these pH values. The parallel increase in overall activity between pH 6 to 8 denotes the dominance of the reaction by ALDH. The influence of ALDH on the overall activity may also be observed (Table la) from how reactors 1 and 2 are less active than reactor 3, which is made with the largest amount of ALDH. Figure 3 shows the dependence of activity upon the flow rate of the substrates. Activities (in mU/m) for both the ALDH and the GOD-ALDH reactors increase with longer residence time of the substrates in the reactor, that is, with decrease in flow rates. However, for both systems activities become independent of flow rates above 1 mL/min, at which point turbulence probably is optimum, ensuring efficient transport of the substrate to the reactor walls.
Routine Analysis for Glucose with ALDH and GOD-ALDH Reactors
We evaluated two systems for routine glucose determination with the AutoAnalyzer II. First, an ALDH reactor was integrated into the flow system as shown in Figure la . Glucose oxidase and catalase were added in solution before dialysis, and the resulting H2O2 was determined with an ALDH reac- tor. This test system, which is linear up to 4000 mg/L, gave reliable results, as shown by the precision data (Table 2 ) and a correlation analysis of 48 patients' plasma samples that were compared to the GOD solution method performed on one channel of the Technicon SMAC analyzer. The coefficient of correlation was 0.997, the line of regression being y = -24.5 + 1.02x. When run at 60 samples per hour and a sample-towash ratio of 1:1, the carryover amounts to 5% between a 3500 mg/L and a succeeding 1000 mg/L sample. A flow system for the combined GOD-ALDH reactor was also developed (Figure ib) . The determination is run at 60 samples/h and a sample-to-wash ratio of 1:1, giving a carryover of 4% between a 3500 mg/L and a 1000 mg/L sample.
Catalase is always added in solution, because attempts to immobilize the enzyme onto nylon in a stable form were unsatisfactory.
As it is readily and economically available, it did not warrant immobilization.
The coimmobilized GOD-ALDH reactor method is linear up to 4500 mg/L of glucose, correlating very well with the GOD-solution method on the Technicon SMAC. The correlation analysis was carried out for 90 patients' plasma samples with concentrations ranging from 380 to 4220 mg/L. The coefficient of correlation is 0.997 with a line of regression of y = -2.03 + 1.OOx. The precision is excellent within-series and good when estimated from day-to-day (Table 2) . Table 3 (3) . In the GOD-ALDH reactor method, however, activities up to 320 U of ADH per liter did not influence the results. The separation of ADH from ethanol and NAD by the dialyzer probably is the reason for this. Furthermore, interferences by ADH will be much less in glucose than in uric acid estimation because glucose is present in plasma in much higher concentrations.
Both types of reactor are stable for several thousand tests when used under routine conditions. When the activity declines to about 30% of the original, AutoAnalyzer sensitivity limits further use. The rate of decay in activity of the reactors is shown in Figure 4 ; in both cases shown there the denoted number of tests were carried out during three weeks. The decline in activity of both reactors is very similar. In the coupled-enzyme reactor we find that when the total activity is reduced to 10% of the original, GOD-activity drops to 9%, 
